Follow-up imaging observations of the first detected interstellar comet 2I/Borisov are presented, which were carried out with the Schmidt-Teleskop-Kamera at the University Observatory Jena in 11 observing epochs in October and November 2019. The orbital solution of the comet, derived from the obtained astrometric measurements, confirms its highly eccentric ( = 3.3570 ± 0.0006) and inclined ( = 44.0524 ± 0.0004 • ) orbit, that proves the interstellar origin of the comet. According to our best-fitting orbital solution, comet 2I/Borisov reaches its perihelion on 2019 Dec 8 ( = 2.0066 au) and its closest encounter with Earth on 2019 Dec 28 (Δ min = 1.9368 au). The distance corrected brightness of the nucleus of the comet clearly exhibits a linear correlation with its phase angle. The slope of this correlation indicates the activity of the comet, which is also detected in deep imaging data, taken in 5 observing epochs, showing the coma and the tail of the comet.
INTRODUCTION
The vast majority of small bodies, detected in the solar system, revolve around the Sun on low eccentric orbits mainly within the asteroid belt between the orbits of Mars and Jupiter, and in the Kuiper belt beyond the outer ice giant Neptune. In addition, also minor bodies on closed but highly eccentric orbits with orbital eccentricities > 0.9 were found in the solar system. Most of these objects are comets, among them 1P/Halley ( ∼ 0.97), whose periodic reappearance in the inner solar system was first noticed by Edmund Halley in 1705.
Minor bodies were also detected on open (i.e. parabolic or hyperbolic) orbits around the Sun, and almost all of them are comets. According to the JPL Small-Body Database Browser of the Jet Propulsion Laboratory, 230 such objects are known due to the end of November 2019, which exhibit significantly hyperbolic orbits ( − 3 ( ) ≥ 1). These minor bodies mainly originate from the Oort cloud. Either they are scattered by close stellar flybys on hyperbolic orbits towards the Sun, or they are long periodic comets on highly eccentric orbits, whose eccentricity is then excited during close encounters with the giant planets in the solar system. According to Laughlin & Batygin (2017) , for a planet to effectively act as gravitational perturber of small bodies, the ratio between the escape velocity from its surface and its average orbital velocity must significantly exceed unity. In general, all four giant planets of the solar system can cause gravitational perturbations on the orbits of minor bodies, which even can lead to their ejection from the solar system, with Jupiter and Neptune being the most important gravitational perturbers.
Indeed, the two most eccentric objects, known in the solar system before 2017, namely the comets C/1980 E1 ( = 1.058), and C/1997 P2 ( = 1.028) both went through close encounters (within a distance of 0.7 au) with Jupiter several months prior to their perihelion passage, when their eccentricities were significantly excited. In the case of C/1980 E1, in addition to its close flyby at Jupiter, the comet also passed before Saturn within a distance of 3 au. This extraordinary double encounter resulted in the strongest planetary perturbation, observed so far among minor objects on near parabolic orbits. After its close encounter with Jupiter C/1980 E1, which revolved the Sun originally on a highly eccentric orbit, was ejected from the solar system (Everhart & Marsden, 1983) .
According to Higuchi & Kokubo (2019) , minor bodies on hyperbolic orbits with sufficiently small eccentricities but wide perihelion distances are most probably scattered objects from the Oort cloud, while minor objects with significantly larger eccentricities should be of interstellar origin in particular if close encounters with the giant planets can be excluded.
This holds for C/2017 U1, which was discovered in October 2017 (MPEC 2017 and was identified first as comet but later be reclassified as asteroid A/2017 U1, as no coma or tail was detected in very deep imaging data (MPEC 2017-U183) . This asteroid revolves around the Sun on a highly eccentric ( ∼ 1.2) and inclined ( ∼ 123 • ) orbit with a perihelion distance of only ∼ 0.26 au. Due to its high eccentricity and because close encounters with giant planets can be excluded based on its orbital characteristics, the asteroid was classified as an interstellar object and named accordingly as 1I/2017 U1 (alias 1I/'Oumuamua), using the new small-body designation I, introduced by the international astronomical union for confirmed interstellar objects (MPEC 2017-V17).
Another intriguing object in this context is the comet C/2019 Q4 (Borisov), which was just recently detected at the end of August 2019 (MPEC 2019-R106). Already an early orbit determination, based on observations taken until mid of September 2019, which are distributed along an arc with a length of only about 6.1 • , could prove the high orbital eccentricity ( ∼ 3.1) of this comet, which revolves around the Sun on an orbit, which is highly inclined ( ∼ 45 • ) to the ecliptic. According to this early orbital solution, the comet is expected to reach its perihelion mid of December 2019 at a solar distance of ∼ 1.9 au.
Because of its high orbital inclination and close perihelion distance significant gravitational perturbations from the giant planets in the solar system can be ruled out for this comet, whose high eccentricity then confirms its interstellar origin. Therefore, the Minor Planet Center assigned to it the designation 2I/Borisov (MPEC 2019-S72) . In contrast to 1I/'Oumuamua comet 2I/Borisov was detected several months prior to its perihelion passage, which allows follow-up observations to study the properties of this intriguing object in its pre-but also post-perihelion orbital phase. Therefore, we have started an imaging campaign of comet 2I/Borisov at the University Observatory Jena (Pfau, 1984) in order to study its astrometric and photometric properties, as well as its morphology during several weeks, while the comet remained observable from the location of the observatory.
In the following section of this paper we present the imaging observations of comet 2I/Borisov, which could be taken in the course of our imaging campaign, during several nights in October and November 2019 at the University Observatory Jena. The obtained astrometric data, as well as the derived orbital solution of the comet are presented in section 3. In the following section the photometry of the nucleus of comet 2I/Borisov is summarized for all observing epochs. The morphology of the comet, captured in deep imaging data, taken in the course of our observing campaign, is presented in section 5. Finally, all the results, derived from our imaging observations of comet 2I/Borisov, are discussed in the last section of this paper.
IMAGING OBSERVATIONS OF COMET 2I/BORISOV
We have observed comet 2I/Borisov at the University Observatory Jena with the Schmidt-Teleskop-Kamera (STK from hereon, Mugrauer & Berthold, 2010) , operated at the 90 cmreflector telescope of the observatory in its Schmidt-focus ( = 60 cm, ∕ = 3). The observations were carried out after an optimized focussing of the instrument in the Bessell R-band with detector integration times ( ) of 60 s, but mainly 120 s. The exposure time was chosen according to the given sky brightness (mainly dependant on the angular distance between the comet and the moon, and the lunar phase), as well as on the proper motion of the comet. The details of the observations for all observing epochs are summarized in the observation log file, shown in Tab. 1.
Due to the position of the comet relative to the Sun, the observations always had to be carried out at a high airmass (2.4 to 1.6) but could be completed in most of the observing epochs before the beginning of the astronomical twilight. Because of the lower elevation of the target during the observations the atmospheric seeing at the position of the target on the sky ranged between 3.9 up to 4.9 arcsec (median value of 4.3 arcsec). The seeing was determined by measuring the fullwidth-at-half maximum ( ) of background stars (i.e. of point spread functions), detected in the STK images.
In total 202 images could be taken with the STK during our observing campaign of comet 2I/Borisov, which results in 367 min of total integration time on the target. In 179 of all STK images the astrometry and photometry of the comet could be measured. The remaining 23 STK images were rejected from the astrometric and photometric analysis of comet 2I/Borisov. In these images the target was either detected at too low signal-to-noise-ratio ( ) due to some thicker cirrus clouds, which passed through the STK field of view during the observations, or bright background stars or satellite trails were located too close to the position of the comet, so that their fluxes significantly affect the astrometry and photometry of the comet.
All STK images were reduced with darks and domeflats, which were always taken during twilight at the beginning or end of each observing night. The data reduction was done with the STK-PIPELINE, a software, based on ESO-ECLIPSE (Devillard, 2001) , which was developed at the Astrophysical Institute Jena for the immediate reduction and quality checks of STK data already during the night time operation at the University Observatory Jena.
The astrometrical calibration of all STK images was achieved with the software ASTROMETRICA, using reference stars from the Gaia DR2 catalogue (Gaia Collaboration et al., 2018) , which is nowadays the best choice according to the number of reference stars with highly accurate astrometric positions available on the whole sky. Stars with G-band magnitudes in the range between 15 and 18 mag were selected, to assure that a sufficiently large number of stars are detectable in each STK image with > 10, needed to achieve an accurate astrometrical calibration of the images. The derived pixel scale of the STK detector for all observing epochs is = 1.5466 ± 0.0004 mas/pixel (consistent with the value obtained by Mugrauer & Berthold, 2010) with a detector position angle of = −1.632 ± 0.036 • (to be added to a measured position angle on the detector, to obtain the real position angle on the sky).
The astrometrical position of the comet was determined in all STK images by measuring the position of the barycenter of light of its nucleus. On average, the position of comet 2I/Borisov could be determined with an astrometric accuracy of about 0.3 arcsec, which corresponds to about 1∕5 pixel of the STK detector.
According to Baraffe, Chabrier, Allard, & Hauschildt (1998) and Jordi et al. (2010) , the R-and G-band magnitudes of stars best match with each other within a wide range of color. Therefore, as all observations were carried out in the Bessell R-band, for the photometric calibration of the STK images the G-band magnitudes of the selected reference stars from the Gaia DR2 catalogue were used, to derive the photometric zero-points. The photometric measurements of the nucleus of the comet were performed with aperture photometry. Thereby, the aperture radius was chosen to maximize the photometric accuracy, which was achieved for a radius equal to the average of background stars, detected in the STK images. The photometry of the core of the comet is found to be stable during individual observing epochs on the reached level of photometric precision, which ranges between 0.05 mag and 0.17 mag, depending on the sky conditions during the observations. Under a clear sky Δ < 0.1 mag is reached, while the photometric uncertainty exceeds 0.1 mag for observations taken through thin cirrus clouds.
ASTROMETRY AND ORBIT DETERMINATION OF COMET 2I/BORISOV
In total, 179 astrometric measurements of comet 2I/Borisov, could be obtained from our STK imaging observations, which were carried out within a span of time of 45 days in the course of our observing campaign at the University Observatory Jena. The astrometric positions of the comet are distributed along an arc with a length of about 33.1 • and are summarized in the appendix of this paper in Tab. A1.
The orbit of comet 2I/Borisov was derived by least squares fitting of an orbital solution on the given STK astrometry of the comet, taking into account all planets, as well as the Moon, and Pluto as gravitational perturbers. The orbit determination was performed with the widely used software FIND_ORB. The obtained best-fitting orbital solution exhibits a root-meansquare value (RMS) of 0.352 arcsec, well consistent with the accuracy of the STK astrometry of the comet (0.33 arcsec, on average), reached in the individual observing epochs. The position of the comet on the sky in all observing epochs together with the derived best-fitting orbital solution, are illustrated in the skychart, shown in Fig. 1 , which is drawn with the software CARTES DU CIEL V3.1. 
FIGURE 1
The path (black line) of comet 2I/Borisov on the sky during our imaging campaign, carried out at the University Observatory Jena, according to the best-fitting orbital solution of the comet, based on its STK astrometry from 11 observing epochs, which are illustrated with white circles. The path of the comet is shown for the range of time between 2019 Oct 8 and Nov 24, both at 0 UT. During our observing campaign the comet moved southwards crossing the constellations Leo, Sextans, and eventually reached the constellation Crater. In this skychart East is to the left, and North is to the top.
The orbital elements of the derived best-fitting orbital solution of comet 2I/Borisov are listed with their uncertainties in Tab. 2.
The orbital properties of comet 2I/Borisov during the individual observing epochs, derived with our bestfitting orbital solution of the comet, are summarized in Tab. 3. During our imaging campaign the distance Δ of the comet to Earth decreased from 2.9 au to 2.1 au, while its solar distance only slightly decreased from 2.4 au to 2.0 au. During its approach to Earth and Sun, the phase angle of the comet increased from 19.7 • to 27.4 • . The proper motion of the comet speeded up from 1.6 arcsec/min to 2.1 arcsec/min. Hence, it is not significantly detectable in individual STK 308.1484 ± 0.0009
images as it always remains smaller than the typical of point-like sources, which were detected in these images. 
MORPHOLOGY OF COMET 2I/BORISOV
Beside its astrometry and photometry we also have studied the morphology of comet 2I/Borisov in deep imaging observations, which could be taken in 5 observing epochs (namely on Oct 9, 28, 31, Nov 1, and 10) in dark time (i.e. the moon was below the horizon, and the observations were carried out before the beginning of the astronomical twilight) during clear sky conditions. All STK images, taken in these observing epochs, in which the imaging of the comet was not affected by close stars or satellite trails are combined by averaging (22, 22, 17, 15 , and 14 images, respectively) after being shifted to correct for the motion of the comet throughout the observations. The obtained deep STK images of comet 2I/Borisov are shown in Fig. A1 . In these images stars appear as trails, whose orientation indicates the direction of the motion of the comet during the observations. On average, a = 5 detection limit of = 21.4 ± 0.2 mag is reached in our deep STK images of comet 2I/Borisov, as determined with the Gaia DR2 photometry of the chosen reference stars. The extent of the comet is determined in all deep STK images by measuring the distribution of all pixels, located around the position of the comet, which exhibit a flux detection of ≥ 5. The coma and the tail of comet 2I/Borisov are both well resolved in all deep STK images, whose extents significantly exceed the of stars, detected in these images. The obtained angular diameter of the coma and the apparent length of the tail of the comet, as detected in all deep STK images, are summarized in Tab. 5. 
DISCUSSION
According to the orbital solution, derived with our STK astrometry, comet 2I/Borisov passes through its perihelion ( = 2.0066 au) on 2019 Dec 8.6 and reaches its closest distance to Earth (Δ min = 1.9368 au) on 2019 Dec 28.2. The orbit of the comet is found to be significantly hyperbolic ( = 3.3570 ± 0.0006) and inclined to the ecliptic ( = 44.0524 ± 0.0004 • ). Hence, we can confirm the interstellar origin of the comet, because very close encounters with any of the giant planets in the solar system, which might have induced the high orbital eccentricity of the comet, can clearly be ruled out before its perihelion passage. The residuals of the derived orbital solution of comet 2I/Borisov are listed in Tab. A1 , and their histograms are shown in Fig. A2 . The residuals are normal distributed (confirmed e.g. with Anderson-Darling tests) as expected, because the RMS of the orbital solution well agrees with the average accuracy of the STK astrometry of the comet. In particular, there are no systematic deviations detected between the derived orbital solution and the STK astrometry of the comet.
In addition, we have also tested the astrometric motion of comet 2I/Borisov for non-gravitational effects, as expected in comets due to the evaporation of their icy surfaces when approaching the Sun. For this purpose, we have included in the orbit fitting non-gravitational accelerations in the antisolar and transversal directions, described by the parameters 1 and 2 . The orbital elements of comet 2I/Borisov, including non-gravitational effects, were derived again with FIND_ORB, and are summarized in Tab. 6. The orbital solution with included non-gravitational accelerations exhibits a = 0.348 arcsec, which is only slightly smaller than the RMS of the standard orbital solution, taking into account only gravitational perturbers (see above). The orbital elements of both solutions do not significantly differ from each other, and the obtained non-gravitational accelerations of the comet are 1 = (−7.2 ± 3.96) ⋅ 10 −7 au/day 2 , and 2 = (1.04 ± 0.45) ⋅ 10 −6 au/day 2 , respectively. Therefore, we conclude that there is no statistical evidence ( > 3) for non-gravitational effects that have significantly altered the motion of comet 2I/Borisov during our observing campaign. The STK photometry of the nucleus of comet 2I/Borisov, as measured in our STK images, is found to be stable throughout our observing campaign, although the location of the comet relative to the Sun and Earth has significantly changed between our first and last observing epoch. The distance-corrected photometry of the nucleus of comet 2I/Borisov is shown in Fig. 2 for all observing epochs, dependant on its phase angle . The distances to Sun and Δ to Earth, as well as the phase angle , are all obtained from our best-fitting orbital solution of the comet. The distance-corrected photometry of the nucleus of comet 2I/Borisov clearly exhibits a linear correlation with its phase angle (correlation coefficient of = 0.975, and < 0.0001 for the t-test of zero-slope), which is indicated with a dashed line in Fig. 2 .
According to Jewitt & Meech (1988) , the apparent magnitude of the nucleus of a comet, which is observed from the distance Δ while being located at a solar distance , is described by
with its absolute magnitude , i.e. the apparent magnitude of the nucleus, as seen from the Sun at a distance of 1 au, and the phase function Φ = , with the linear phase function coefficient.
The linear fitting of the distance-corrected STK photometry of the nucleus of comet 2I/Borisov as a function of its phase angle, yields an absolute magnitude of = 11.1 ± 0.2 mag, and a linear phase function coefficient = 0.111 ± 0.008 mag/deg.
The radius of the nucleus can be derived with its absolute magnitude , its geometric albedo , as well as the apparent magnitude of the Sun (here in the G-band) ⊙ = −26.9 mag (Casagrande & VandenBerg, 2018) = 1 au
Assuming a geometric albedo of = 0.04, which corresponds to the median value found for comets of the Jupiter family (Kokotanekova et al., 2017) , we obtain for the nucleus of comet 2I/Borisov a radius of = 18.8 ± 1.7 km. This result should, however, be considered as an upper limit of the radius because the geometric albedo of the nucleus could be larger, and furthermore the comet was active during our imaging campaign. On the one hand, the activity of the nucleus of the comet is indicated by its phase function coefficient, which is steeper than the one expected for an inactive core of a comet, e.g. = 0.046 mag/deg, which is the median value of inactive comets of the Jupiter-family (Kokotanekova et al., 2017) . On the other hand, the activity of the nucleus can also be seen in the morphology of the comet, which was recorded in our deep STK images. The coma and the tail of comet 2I/Borisov are both well resolved in these images, which exhibit extents (detected at ≥ 5) that significantly exceed the of detected background stars (i.e. of point spread functions).
Finally, the analysis of the morphology of comet 2I/Borisov allows the characterization of the geometry of its coma and tail. The diameter D Coma of the coma of the comet can be determined from its apparent diameter ∅ Coma , measured in our deep STK images, and its distance Δ to Earth during the observations, known from the derived best-fitting orbital solution of the comet
By adopting an anti-solar orientation, the length of the tail of the comet can be derived with its apparent length Λ Tail , measured in our deep STK images, the distance Δ of the comet to Earth, as well as its phase angle during the observations, FIGURE 2 The distance corrected G-band magnitude of the nucleus of comet 2I/Borisov for all STK observing epochs, plotted versus its phase angle , as determined with the bestfitting orbital solution of the comet, based on our STK astrometry. The distance-corrected photometry of the nucleus clearly exhibits a linear correlation with its phase angle (dashed line).
both determined with the derived best-fitting orbital solution of the comet
The obtained diameter of the coma of comet 2I/Borisov, and the length of its tail, are summarized for all deep STK imaging observations in Tab. 7. The diameter of the coma, as well as the length of the tail of the comet, do not significantly vary within the span of time, covered by our deep STK imaging observations. On average, the comet exhibits a coma with a diameter of (4.57 ± 0.38) ⋅ 10 4 km and a tail with a length of (1.52 ± 0.12) ⋅ 10 5 km, assuming that it is orientated in the anti-solar direction. 5.13 ± 0.51 1.43 ± 0.14 Further observations of comet 2I/Borisov, which have to be carried out preferably from the southern hemisphere, will show how the activity of the comet will evolve, especially after its perihelion passage. According to our orbital solution and photometric analysis of comet 2I/Borisov, after its perihelion passage on 2019 Dec 8 the comet will always be located on the sky southward of Dec = −18 • , and the apparent brightness of its nucleus should continuously decrease after January 2020. However, follow-up observations of the comet with a few minutes of integration time should be feasible until mid of May 2020 at 1 m class telescopes, which are equipped with state-of-the-art CCD detectors. Pfau, W. 1984, Jan, Jenaer Rundschau, 29(3) , 121-122. 
APPENDIX A: STK DEEP IMAGING OBSERVATIONS AND ASTROMETRY OF COMET 2I/BORISOV

FIGURE A1
Deep STK images of comet 2I/Borisov, taken in dark time and during clear sky conditions in 5 observing epochs in October and November 2019. These images are the averages of STK frames, taken in each observing epoch, which were shifted before the averaging to correct for the motion of the comet during the observations. The direction of the motion of the comet is indicated with a black arrow. On Oct 28 the asteroid (1034) Mozartia, named after Wolfgang Amadeus Mozart, is detected about 1 arcmin east of comet 2I/Borisov. Due to its proper motion, the asteroid appears as a trail, whose orientation differs from that of the background stars. The image scaling is shown in each deep STK image, determined with the pixel scale of the STK detector and the distance Δ of the comet to Earth during the observations, derived with the best-fitting orbital solution of the comet. Both coma and tail of comet 2I/Borisov are clearly detected in all deep STK images. The apparent length of the tail of the comet (detected at ≥ 5) is illustrated with length indicators in all images. 
